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Astrocytes, one of the most common cell types in the brain, are essential for processes ranging from neural development through
potassium homeostasis to synaptic plasticity. Surprisingly, the developmental origins of astrocytes in the neocortex are still controver-
sial. To investigate the patterns of astrocyte development in the neocortex we examined cortical development in a transgenic mouse in
which a random, sparse subset of neural progenitors undergoes CRE/lox recombination, permanently labeling their progeny. We dem-
onstrate that neural progenitors in neocortex generate discrete columnar structures that contain both projection neurons andprotoplas-
mic astrocytes. Ninety-five percent of developmental cortical columns labeled in our system contained both astrocytes and neurons. The
astrocyte to neuron ratio of labeled cells in a developmental column was 1:7.4, similar to the overall ratio of 1:8.4 across the entire gray
matter of the neocortex, indicating that column-associated astrocytes account for the majority of protoplasmic astrocytes in neocortex.
Most of the labeled columns containedmultiple clusters of several astrocytes. Dividing cells were found at the base of neuronal columns
at the beginning of gliogenesis, and later within the cortical layers, suggesting a mechanism by which astrocytes could be distributed
within a column. These data indicate that radial glia are the source of bothneurons and astrocytes in the neocortex, and that these two cell
types are generated in a spatially restricted manner during cortical development.
Introduction
Historically, astrocytes have been considered simple support cells
with little functional specificity or regional identity. The current
models regarding the generation of cortical astrocytes reflect this
assumed uniformity. Several works suggest that the majority of
cortical astrocytes are generated the subventricular zone (SVZ)
(Levison et al., 1993; Levison and Goldman, 1993; Luskin and
McDermott, 1994; Marshall and Goldman, 2002), from where
they migrate and populate cortex (Zerlin et al., 1995; Kakita and
Goldman, 1999; Kakita et al., 2003). Thismodel indicates that the
majority of astrocytes arise from precursors that disperse widely,
without spatial specificity.
In addition, radial glia are also thought to contribute a smaller
fraction of the astrocyte population within the cortex. It has been
reported that radial glia, after generating projecting neurons, re-
tract their processes and differentiate into protoplasmic astro-
cytes (Schmechel and Rakic, 1979; Voigt, 1989; Culican et al.,
1990; Gressens et al., 1992). Since these data suggested that indi-
vidual radial glia transform into individual astrocytes, it was as-
sumed that their contribution to the overall population of
cortical astrocytes was very small. However, other experiments
examining neural development were not consistent with these
findings. For instance, It has been reported that radial-glia de-
rived columns in the cortex are composed exclusively of pyrami-
dal neurons, without astrocytes (Luskin et al., 1988; Price and
Thurlow, 1988; Parnavelas et al., 1991; Mione et al., 1994; Tan et
al., 1998; McCarthy et al., 2001; Reid and Walsh, 2002; Wilkie et
al., 2004).
To investigate the development and distribution of astrocytes
in the brain we performed fate mapping in the brains of trans-
genic mice that expresses Cre sparsely and produce labeling of a
small and apparently random set of brain precursors and their
progeny.We observe that cortical progenitors give rise to discrete
columnar structures that contain both projection neurons and
protoplasmic astrocytes. Most columns of neurons contained
multiple clusters of astrocytes, and 98%of labeled astrocytes were
found in or within 50 m of a labeled neuronal column. The
astrocyte to neuron ratio of labeled cells in a developmental col-
umn was similar to the overall ratio across the entire neocortex,
indicating that column-associated astrocytes account for thema-
jority of protoplasmic astrocytes in the neocortex. These data
suggest that cortical protoplasmic astrocytes are generated in a
spatially restricted manner from the precursors that also give rise
to developmental columns of pyramidal neurons.
Materials andMethods
Generation of transgenic mice
We generated several lines of enhancer trap mice carrying an enhancer
detector cassette expressing Cre recombinase under the transcriptional
control of the minimal promoter (129 base pairs) of the mouse Thy-1.2
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gene. The transgenics were generated via lentiviral vectors, allowing us to
rapidly generate large numbers of animals with random integration sites.
The transgene integrated into different sites in each of the thy1.2-cre
lines, giving rise to different patterns of recombination upon breeding
with reporter mice. We crossed these thy1.2-cre mice to the reporters
Z/EG or mch/lox/GFP mice (gift from S. Dymecki, Harvard Medical
School, Cambridge, MA), which, upon Cre/loxP recombination, exhibit
GFP expression.
Immunohistochemistry
All experiments were performed in accordance with the National Insti-
tutes of Health Guide and Use of Laboratory Animals, and approved by
the Massachusetts Institute of Technology Committee on Animal Care.
For the analysis of the progeny of thy1.2-cre lines we used animals of
either sex, and did not observe any obvious difference between the dis-
tribution of GFP cells between males and females. Mice were killed
following a lethal dosage of Avertin. Animals were perfused with PBS
followed by 3% paraformaldehyde. Brains were postfixed in paraformal-
dehyde overnight at 4°C and sectioned at 50 m using a Leica VT1000
vibratingmicrotome. The sections were immunohistochemically stained
with antibodies against BrdU (Accurate Chemical OBT0030G, 1:500),
GFP (Aves Labs GFP-1020, 1:8000), NeuN (Millipore Bioscience Re-
search Reagents MAB377, 1:400), GFAP (Sigma G9269, 1:100), S100B
(Abcam ab868, 1:2000), MBP (Covance SMI94, 1:1000), Nestin (Abcam
Ab6142, 1:500) and Zebrin (Santa Cruz Biotechnology sc-12065, 1:100).
To expose the BrdU antigen, we washed sections in 2 M HCl for 2 h. at
room temperature.Weused species-appropriate Invitrogenhighly cross-
adsorbed Alexa Fluor 488- and Alexa Fluor 546-conjugated secondary
antibodies. Antibodies generated in different species were used in multi-
labeling experiments to minimize cross-reactivity. Primary and second-
ary antibodies were diluted in a blocking solution containing 0.3%
Triton, 8% goat serum and 0.3% BSA diluted in PBS. Figures were as-
sembled using Adobe Photoshop and Illustrator.
Cell counting
Quantification of cells was performed using an Olympus IX70 micro-
scope, a Q-imaging Retiga 1300i camera, and Neurolucida software with
the virtual slice extension module.
Location of astrocytes relative to manually defined columns of neurons.
We defined the boundaries of a column by drawing lines perpendicular
to the pial surface of the cortex through the most lateral GFP neurons
in the column. Columns were defined by GFP cells that had unambig-
uous pyramidal projection neuronmorphologies and were located later-
ally within 50 m of another pyramidal neuron. We counted the
numbers of GFP glia inside, near (within 50 m) and outside of these
boundaries (Fig. 1D). Brains that displayed labeled interneurons in ad-
dition to labeled projections neurons in cortex were excluded from this
analysis.
Nearest neighbor analysis. Sections were imaged with the Neurolu-
cida virtual slice software and imported into ImageJ (NIH). The la-
beled astrocytes and neurons were manually tagged in ImageJ, which
recorded their locations. Custom Matlab software was written that
detected the nearest neuronal neighbor to an astrocyte and computed
its distance.
Neuronal density as a function of distance. The dataset generated in the
nearest neighbor analysis was analyzed using custom Matlab software
that measured neuronal density as a function of distance.
We compared the ratio of labeled cells to unlabeled cells within a
column and the GFP astrocyte to neuron ratio with the overall astro-
cyte to neuron ratio in cortex using the following techniques. The bound-
aries of the column were defined as described above, by drawing lines
perpendicular to the pial surface of cortex. Astrocytes were identified by
S100B expression and neurons via NeuN expression. The somata of cells
were counted using amodified version of the stereological optical dissec-
tor technique: cells intersecting the upper boundary were excluded from
the counts, minimizing overcounting. The top and bottom 3mof each
section were excluded from analysis to reduce sectioning and vibratome
chatter artifacts. The variable locations of the columns made assessing
absolute numbers of neurons and astrocytes within columns in a stereo-
logically correct manner technically challenging, thus we limited our-
selves to assessing ratios of various cell types.
Cluster analysis. Individual columns were imaged as described above
and astrocytes were manually tagged using ImageJ. CustomMatlab soft-
ware determined the number of clusters and the number of astrocytes
within a cluster. A cluster was defined as a group ofGFP astrocytes each
within 25 m of another GFP astrocyte.
Results
Analysis of cell lineage in the cortex via recombination in
transgenic mice
We generated several lines of enhancer trap mice carrying the
enhancer detector cassette thy1.2-cre that expresses Cre recom-
binase under the transcriptional control of the minimal pro-
moter (129 base pairs) of the mouse Thy-1.2 gene. We crossed
these thy1.2-cre mice to the reporters Z/EG (Novak et al., 2000)
or mch/lox/GFP mice (gift from S. Dymecki), which, after Cre/
loxP recombination, permanently express GFP. The transgene
integrated into different sites in each of the thy1.2-cre lines, giv-
ing rise to different patterns of GFP labeling in the brain. One of
the thy1.2-cre lines, TFC.09, had a low rate of recombination in a
sparse and apparently random subset of neural precursors during
development. TFC.09 mice are able to breed, have normal lifes-
pans, and their behavior and brain structure are grossly normal.
In the TFC.09 line, a single copy of the provirus integrated into
the seventh intron of the glypican-3 gene. The expression of Cre
and the subsequent recombination events in the TFC.09 line
showed no correlation with the expression pattern of the
glypican-3 gene (unpublished results). While a low recombina-
tion efficiency is a common hindrance to the investigators using
CRE/LOX systems, it was advantageous in our case, because la-
beling a small subset of cells in the brain allowed us to examine
individual columns and cells, as described below.
We examined200 of the progeny of TFC.09mice crossed to
reporter mice. Approximately 40% of these mice showed some
pattern of GFP labeling in their CNS. In20% of the progeny of
TFC.09  reporter mice, the loxP-recombination gave rise to
discrete columnar structures of GFP cells in the neocortex (Fig.
1A–C). The columns of GFP cells, which extended radially
through layers 1 through 6, are similar to the columns of clonally
related neurons that have been described in the literature (Fig.
1A–C) (Luskin et al., 1988; Price and Thurlow, 1988; Parnavelas
et al., 1991; Mione et al., 1994; Tan et al., 1998; McCarthy et al.,
2001; Reid and Walsh, 2002; Wilkie et al., 2004). The GFP
neurons in these columns hadmorphologies consistent with pro-
jection neurons.
In5%of the progeny of TFC.09 lox reportermice, labeled
cells with the morphological characteristics of interneurons were
found dispersed broadly throughout the striatum and cortex
(Parnavelas et al., 1991; Luskin et al., 1993; Tan et al., 1998; Reid
and Walsh, 2002) (Fig. 2A,B). Additionally, we found that some
of the progeny of TFC.09 reporter mice had GFP labeled neu-
rons in a number of extra-cortical regions, including the hip-
pocampus, thalamus, olfactory bulb, cerebellum, septum and
midbrain. These regional patterns of GFP cells were usually
found only in one hemisphere; however, somemice had bilateral
labeling, often with different patterns of labeling in each hemi-
sphere. The above patterns of labeling were observed in both the
Z/EG and mch/lox/GFP reporter mice, indicating that these re-
sults are independent of the particular reporter line used.
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Figure 1. Developmentally generated columns of cells in cortex contain both neurons and astrocytes. A,B, Adult TFC.09 Z/EGmice exhibit radially arrayed columns of cells in cortex apparent
both along the sagittal (A) and coronal (B) planes. These columns of cells display the characteristicmorphologies of developmental columnsgenerated in previous cortical clonal (Figure legend continues.)
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Coincident generation of protoplasmic astrocytes and
pyramidal neurons within developmental cortical columns
Prior experiments involving retroviral labeling of precursor cells
in embryonic animals indicated that few or none of the labeled
cortical columns contained both glia and neurons (Luskin et al.,
1988; Price and Thurlow, 1988; Parnavelas et al., 1991; Mione et
al., 1994; Tan et al., 1998; McCarthy et al., 2001; Reid andWalsh,
2002; Wilkie et al., 2004). However, the columns of labeled cells
we observed appeared to contain both neurons and glia (Fig.
1A–C). The GFP glial cells had typical morphologies of proto-
plasmic astrocytes and their processes appeared to occupy non-
overlapping domains, as has been previously described (Bushong
et al., 2002;Wilhelmsson et al., 2006; Halassa et al., 2007). A total
of 97.5 1.5%. GFP cells with astrocytic morphologies (of 603
cells examined in n  3 mice) expressed S100B (Fig. 3A–C), a
protein expressed almost exclusively by astrocytes in cortex. A
total of 8.2  3.7% of GFP cells with astrocytic morphologies
(611 cells examined in n 3 mice) expressed GFAP (Fig. 3D–F),
a protein expressed in activated astrocytes. GFP cells with as-
trocytic morphologies did not express NeuN, amarker of mature
neurons (Fig. 3G–I), or MBP, a marker of oligodendrocytes.
Thus, both the morphology of these cells and their immuno-
chemical profile indicate that they are astrocytes. GFP astro-
cytes exhibited numerous processes that enveloped NeuN
neurons within the same columnar structures. The neurons en-
compassed by GFP astrocytes were often GFP themselves,
suggesting a possible functional relationship between labeled
cells (Fig. 3G–I).
Tomeasure the spatial relationship between GFP astrocytes
and columns of labeled neurons we used three metrics.
First, we defined the boundaries of a column by drawing lines
perpendicular to the pial surface of the cortex through the most
lateral GFP neurons in a column and counted the numbers of
GFP glia inside, near (within 50 m) and outside of these
boundaries (Fig. 1D). Columns were defined as discrete, elon-
gated structures in the cortex that contained GFP cells with
unambiguous pyramidal neuron morphologies spanning from
layer 6 to the pial surface. We measured the position of 3509
GFP astrocytes relative to 343 GFP columns in the brains of 9
adult mice and found that 92.6 3.8% of astrocytes were found
within the boundaries of a column, 6.1  2.8% were found
within 50 m outside of these boundaries and 1.7  2.0% were
found further away (Fig. 1E). These results suggest that GFP
astrocytes are predominantly located within columns delineated
by labeled pyramidal neurons.
Second, to avoid biases due to themanual selection of column
boundaries we measured the distance between individual GFP
astrocytes and the nearest GFP neuron (Fig. 1F).We analyzed a
total of 1878 astrocytes and 10,944 neurons,marking the position
of every GFP astrocyte and every GFP neuron in cortex in
every 12th brain section from 5 adult mice. The average distance
between a GFP astrocyte and the nearest GFP neuron was
33  28 m (Fig. 1G). A total of 95% of GFP astrocytes had
their nearest GFP pyramidal neuronal neighbor within 80 m.
4
(Figure legend continued.) labeling experiments using other methods. C, These columns of
GFP labeled cells (white) contained both neurons and astrocytes, which have been pseudocol-
ored blue for the purposes of visualization. C, D, F, G, We measured whether GFP astrocytes
were in (blue lines), near (within 50 m as indicated by the red lines), or outside of GFP
columns. Columns were defined as discreet, elongated structures in the cortex that contained
GFP cells with unambiguous pyramidal neuronmorphologies spanning from the ventricular
to the pial surface. F,G, Wemeasured the distance between astrocytes (blue) and their nearest
neighboring neuron (green) to assess their spatial relationship. The average distance between
an astrocyte and its nearest neighbor was 33 28m.H, I, We assessed neuronal density as
a function of distance, measuring the density of neurons within 100m of an astrocyte, 200
m, 300 m, etc. Astrocytes were found in regions of high neuronal density, as would be
expected of astrocytes located within neuronal columns. J, Astrocytes were found associated
with neuronal columns even when the columns were curved, as they are commonly in the
occipital cortex, suggesting their association is notmerely accidental.K, In piriform cortex,with
its three-layered structure that is distinct from neocortex, neither layer 2 interneurons nor
astrocytes exhibited columnar organization, demonstrating that the columnar structures we
found inneocortex areunlikely tobeartifactual. Scalebars:A,B,M,N, 500m;D, J,K, 100m;
C, F, H, 50m.
Figure 2. Interneurons in cortex are generated independently of cortical astrocytes. Approximately 5% of adult TFC.09 Z/EGmice exhibited widely distributed GFP cells within cortex that
were not arranged in columns (A). In thesemice, GFP cells were distributed sparsely in layers 2 through 6 of neocortex through the entire anteroposterior andmediolateral axes (A,B). The GFP
cells in cortex of thesemice displayed the characteristic morphologies of interneurons, with fine local processes (C). The cortices of thesemice did not contain labeled astrocytes (C). TFC.09 Z/EG
micewith interneurons in cortex alwayshadGFP cells broadly distributed through their ipsilateral striatum(A,B,D). InmicewithGFP interneurons in cortex, the striatumcontainedbothGFP
neurons and astrocytes (D). In the striata of thesemice, GFP neurons and astrocytes had the characteristic morphologies of medium spiny interneurons and protoplasmic astrocytes, respectively
(D). C and D are high-magnification views of the insets labeled “C” and “D” in B. B is a higher-magnification view of the inset in A. Scale bars: A, 500m; B, 250m; C, D, 50m.
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Third, using the dataset from the sec-
ond analysis, we constructed histograms
to assess the density of GFP pyramidal
neurons within 100, 200, 300 m, etc. of
GFP astrocytes (Fig. 1H). The density of
labeled pyramidal neurons was highest
near labeled astrocytes, and dropped rap-
idly with distance (Fig. 1 I). These data
show that GFP astrocytes are closely as-
sociated with regions with high density of
GFP projection neurons, as in the la-
beled columns we observed.
Together, these measurements indicate
that labeled progenitors form columns of
cells in cortex containing both pyramidal
neurons and protoplasmic astrocytes. Fur-
thermore, GFP astrocytes were found
within columns of GFP neurons even
when these columns were not straight, such
as the curved column in posterior cortex
shown in Figure 1J. The colocalization of
astrocytes and neurons in curved columns
suggests that their proximity is not merely
artifactual or accidental.
Generation of astrocytes outside of
the neocortex
While we detected columns comprised of
GFP pyramidal neurons and astrocytes
in the neocortex, we did not find columns
of labeled cells in regions of the brain in
which columnar patterning has not been
described. For example, the piriform cor-
tex has a 3-layered architecture in which
layer 2 consists almost exclusively of
densely packed interneurons in a pattern
reminiscent of granular neurons. In TFC.09 lox reporter mice
both the labeled layer 2 piriform cortex neurons and the labeled
astrocytes were broadly distributed, and showed no columnar
organization (Fig. 1K).
We also foundmice (n 11) that containedGFP cells in their
neocortex with characteristic interneuron morphologies. In these
mice, GFP interneurons were found widely distributed through-
out both the cortex and the ipsilateral striatum, without any appar-
ent columnar organization (Fig. 2A). These GFP neurons were
distributed in a pattern similar to that of cells derived from the gan-
glionic eminences, which generate both striatal and cortical in-
terneurons (Parnavelas et al., 1991; Luskin et al., 1993; Tan et al.,
1998; Reid and Walsh, 2002). Whereas all 11 mice had both in-
terneurons and astrocytes labeled in their striata (Fig. 2B,D), only
interneurons were labeled in the cortex (Fig. 2C). GFP astrocytes
were only present in the striatum when GFP interneurons were
also present in the striatum and cortex. These data suggest that in-
terneurons and striatal astrocytes share a common precursor. Fur-
thermore, these data indicate that the coincident, columnar labeling
ofGFPprojectionneuronsandastrocytes in theneocortexof these
transgenicmice accurately represents thedistributionof theprogeny
from neuronal and astrocyte progenitors in the brain.
Lineage relationship between neurons and protoplasmic
astrocytes within neocortical columns
To examine whether the GFP neurons and astrocytes we ob-
served within cortical columns shared a common precursor, we
examined the frequency with which the GFP pyramidal neu-
rons and GFP astrocytes overlapped. We found that 95% (325
of 343 columns, n 9mice) of GFP columns contained at least
one astrocyte. Sixteen columns were found to contain only neu-
rons, and in two instances a columnar structure consisting of only
astrocytes was found. The few columns we observed that con-
tained only neurons or only astrocytes had very few GFP cells,
suggesting that, due to the plane of section, we may have been
only sampling the edge of the column.
Although it is theoretically possible that GFP glial columns
and GFP neuronal columns arose independently from each
other in the same locations, this is an unlikely scenario. There are
1 107 neurons in the neocortex of the adult mouse (Schu¨z and
Palm, 1989). Approximately 70% of cortical neurons are projec-
tion neurons (Jones, 1993; Wonders and Anderson, 2005). Thus
there are 7  106 projection neurons in neocortex. Tan et al.,
report that cortical columns arise in multiples of 600, with their
largest column containing5000 neurons, and the average col-
umn containing1800 neurons (Tan et al., 1998). Dividing 7
106 by 1800 indicates that there are3900 columns in the cortex
of the adult mouse.
According to these estimates, in the 9micewe examined, there
were a total of35,000 columns (9 3900) in their cortices. Of
these estimated 35,000 columns, 343 contained GFP neurons;
thus, the probability of finding a columnofGFPneurons (PN)
is 0.01. A total of 327 of 35,000 columns contained GFP astro-
cytes; the probability of finding a column of GFP astrocytes
Figure 3. Non-neuronal GFP cells displayed characteristics of protoplasmic astrocytes. A–C, Non-neuronal GFP cells in
developmental columns in adult mice exhibited characteristic protoplasmic astrocyte morphologies (arrows). D–F, A total of
97.5 1.5% (603 cells examined in n 3 mice) of non-neuronal GFP cells expressed S100B, an astrocytic marker. A total of
8.2 3.7% of non-neuronal GFP cells (611 cells examined in n 3mice) expressed GFAP, a protein expressed in reactive and
fibrous astrocytes in cortex. G–I, Labeled cells with neuronal morphologies expressed neither S100B nor GFAP (arrowheads).
Conversely, GFP cells with astrocytic morphologies did not express NeuN, a mature neuronal marker. The processes of GFP
astrocytes often encompassed GFP neurons. Scale bars: A–F, 10m; G–I, 25m.
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(PA) is 0.01. Thus, the probability that
independent events would generate a col-
umn containing both GFP neurons and
astrocytes is PN  PA, or 0.0001. The
likelihood that a given GFP column of
neurons would contain independently
generated GFP astrocytes is (PN 
PA)/PN, 0.01 or 1%. Themost parsimo-
nious explanation for the 95% overlap we
saw between GFP neurons and GFP
astrocytes is that the neurons and astro-
cytes in these columns are generated from
a shared precursor cell.
We examined the ratio of labeled cells
to unlabeled cells within a column using
the optical fractionator method. GFP
astrocytes comprised 10.5  1.1% of all
S100B astrocytes within a column (10
columns from each of n 3mice). GFP
neurons accounted for 11.7 3.3% of all
NeuNneuronswithin a column (10 col-
umns from each of n 3mice). Thus, the
precursor that generates a developmental
column makes a similar contribution to
both populations of cells; it generates
10% of both neurons and astrocytes
within a given cortical column.
We compared the GFP astrocyte to
GFP neuron ratio with the overall astro-
cyte to neuron ratio in cortex. We found
the ratio of GFP astrocytes to GFP py-
ramidal neurons was 1:7.4 2.9 (50 ran-
domly selected columns sampled from
n 5 mice). The overall ratio of S100B
astrocytes toNeuN neuronswas 1:8.4
1.0 (50 randomly selected columns sam-
pled from n  5 mice). NeuN cells
include both pyramidal neurons and in-
terneurons in cortex. Our astrocyte to
neuron ratios are similar to the 1:6 astro-
cyte to neuron ratio in motor cortex and
the 1:8 ratio in sensory cortex previously
reported (Irintchev et al., 2005). Since py-
ramidal projection neurons generated in
columns account for the 70% of the
neurons in cortex, these results suggest
that most cortical astrocytes are derived
from developmental columns as well.
Dynamics of astrocyte generation in
neocortical columns
Prior in vivo experiments suggested that
radial glia transform directly into individ-
ual astrocytes as neurogenesis comes to an
end (Schmechel and Rakic, 1979; Voigt,
1989; Culican et al., 1990; Gressens et al.,
1992). Such data would neatly explain the
colocalization of a single astrocyte with
each developmentally generated column
of neurons in the neocortex. However,
most labeled developmental cortical col-
umns contained multiple clusters, each
comprised of multiple astrocytes (Figs.
Figure 4. Astrocytes develop within cortical columns and maintain their spatial relationship through adulthood. A, B, At E18,
columns of radially arrayed projection neurons were visible in cortex. C, D, By P1, GFP cells with morphologies resembling
immatureastrocytes (pseudocolored in red)were visiblewithin the columns.E,F, At P10,matureastrocytes (pseudocolored inblue
in F) were found within columns distributed through the depth of cortex, much like they are in adult mice. G, H, Columns in
2-month-old adult mice contained pyramidal neurons and multiple clusters of multiple astrocytes. GFP astrocytes were still
found closely arrayed with columns of GFP cortical neurons in 10-month-old mice, indicating that astrocyte addition and/or
turnover in the adultmouse does not appear to result in thewidespread dispersion of astrocytes. Scale bars:A–C, E,G–J, 100m;
D,F; 25m.Mature astrocytes are pseudocolored in blue inE,H, and J. An immature astrocyte is pseudocolored in red inD. Arrows
in A, C, E, G, and I point toward the pial surface of the neocortex.
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1C,D, J, 3A,G, 4E,G,J). There were an average of 2.7 1.5 clus-
ters of GFP astrocytes per column (114 columns examined
from n  5 mice). A cluster was defined as a group of GFP
astrocytes each within 25 m of another GFP astrocyte. Each
cluster contained between 1 and 15 astrocytes, with an average of
3.6  2.9 astrocytes per cluster (139 clusters counted from 50
columns in n 5 mice). These counts are likely underestimates,
because they are based on counting cells in a single 50 m thick
section through each column, and columns generally extended
through multiple sections. Nonetheless, the distribution of la-
beled astrocytes we observe is unlikely to be explained by the
transformation of single radial glia into an individual astrocyte.
We followed the development of cells present in the GFP
columns in the cortex by examining mice at embryonic day 18
(E18), postnatal day 0 (P0), P1, P2, P4, P6, P8, P10, young adult
mice (2 months old), and older adult mice (10 months old). At
E18 and P1, GFP columns in cortex contained exclusively py-
ramidal neurons, and we did not detect any GFP cells with
mature astrocytic morphologies in cortex (Fig. 4A–D). This ob-
servation is consistent with previous works indicating that corti-
cal gliogenesis occurs predominantly in the postnatal period. In
contrast, subcortical gliogenesis was apparent by P1, a time at
which we could already detect labeled cells displaying the mor-
phologies of mature protoplasmic astrocytes in the striatum. At
P1, we detected columns in the neocortex that contained, in ad-
dition to GFP pyramidal neurons, GFP cells that resembled
the immature astrocytes previously described in cortex (Fig. 4D)
(Zerlin and Goldman, 1997). By P4, we found that columns con-
tained both GFP pyramidal neurons and GFP cells with ma-
ture astrocytic morphologies. Thus, the astrocytes observed in
these transgenic mice developed along the well established time-
frame of astrocyte generation. Columns in P10 mice appeared to
contain more astrocytes than in younger mice (Fig. 4E,F) and
closely resembled the columnswe observed in 2-month-old adult
mice, which included GFP pyramidal neurons and multiple
clusters of GFP astrocytes (Fig. 4G,H). GFP astrocytes in
more mature adults (10 months old) were still found almost ex-
clusively within developmental cortical columns consisting of
both GFP pyramidal neurons and astrocytes (Fig. 4 I, J). Thus,
astrocyte addition and/or turnover in the adult brain does not
lead to their dispersion outside of the developmental columns in
which they originate, as they maintained their spatial relation-
ships well into adulthood.
To examine the relationship between radial glia and theGFP
developmental columns, we examined the expression of nestin
and zebrin, twoproteins commonly used to identify radial glia. At
E16 and E17, toward the end of cortical neurogenesis, we found
columns of cells extending from the ventricle (Fig. 5A), through
the corpus callosum, to the pial surface of cortex (Figs. 4A, 5E).
This organization reflects the well characterized organization of
cortical columns previously described (Tan et al., 1998). During
the late embryonic period (E16–E18), a subset ofGFP cells near
Figure 5. GFP cells express radial gliamarkers zebrin and nestin during development. Between E16 and E18, GFP cells form columns of extending from the ventricles to the pia. GFP cells
(green) near the ventricles in these columns expressedNestin (A–D, red) or Zebrin (E–H, red), proteins expressed by radial glia. By P0, zebrin/GFP cellswere found in the parenchymaof cortex,
away from the ventricular wall, presentingmorphologies resembling a shortened radial glia.A–D, Arrows indicate GFP/Nestin cells. E–L, Arrows indicate GFP/zebrin processes and cells.
A, E, F, Asterisks indicate the neocortical ventricular wall. Zebrin/GFP cells were absent by P4, a time by which most radial glia have disappeared from the brain. Scale bars, 50m.
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the bases of these columns expressed nestin and zebrin. The ex-
ample included in Figure 5,A–D, shows a GFP cell with nestin-
positive proximal processes at E16. The example GFP/zebrin
cell in Figure 5, E–H, was found lining the ventricle at E17 and
exhibited zebrin-positive perinuclear staining. By P0, GFP/ze-
brin cells were found in the parenchyma of cortex away from
the ventricular wall (Fig. 5J–L). Previous studies have described
cells similar to these oneswe observed, withmorphologies resem-
bling shortened radial glia (Marshall and Goldman, 2002). It has
been suggested that these cells may be in the process of differen-
tiating from radial glia into protoplasmic astrocytes (Marshall
and Goldman, 2002). These results suggest that some, if not all,
the GFP cells located in the columns we observe are descen-
dants of GFP radial glia.
To identify the location of dividing cells during the period of
gliogenesis, we treated mice with BrdU, a thymidine analog that
integrates into the DNA of dividing cells, at P0, P2, P4, P6, or P8
and killed them 4 h later. At P0 (n  5 mice), we found 13
GFP/BrdU cells at the bases of columns and 2GFP/BrdU
cells within the cortical layers (Fig. 6A–D). At P2 (n  3 mice)
and P4 (n  5 mice) we found 21 and 8 GFP/BrdU cells
within the cortical layers, respectively. At P2 and P4, we did not
find GFP/BrdU cells at the bases of columns. The example
illustrated in Figure 6, E–G, contains GFP/BrdU cells in both
layers 2 and 6 of P2 cortex. By P6 (n  3 mice), GFP/BrdU
cells in developmental columnswere infrequent or absent. Divid-
ing GFP cells were found near the ventricle early in develop-
ment and within the cortical layers later.
In the proliferation experiments, we found two P0 mice and
one P4 mouse that exclusively had GFP cells with interneuron
morphologies distributed widely throughout cortex. While mice
with GFP columns had both GFP pyramidal neurons and
astrocytes in their cortices,micewithGFP interneurons did not
exhibit GFP astrocytes in their cortices. Mice with selective
labeling of interneurons had no GFP/BrdU cells in their cor-
tices, suggesting that the postnatal GFP/BrdU cells are in the
astrocyte lineage.
To analyze the fate of GFP dividing cells during the postna-
tal period, we treated P0 mice with BrdU and killed them at P4
(Fig. 6H–K). We found GFP/BrdU cells that had adopted
astrocytic morphologies throughout the depth of cortex by P4
(n  5). These GFP/BrdU cells were often found in pairs,
suggesting that they underwent their most recent division near
their final location.
In summary, dividing cells were found near the bases of col-
umns during early postnatal gliogenesis and within the cortical
layers thereafter, suggesting a pattern of cell proliferation and
radial migration that could account for the regionally specific
distribution of astrocytes in the mature cortex.
Discussion
We examined the development of cell lineages in neocortex using
a transgenic mouse that undergoes apparently random recombi-
nation in a small subset of cells during embryogenesis, yielding
GFP cells that can be followed from embryonic development
through adulthood.We found developmental columns of GFP
cells in neocortex consisting of both projection neurons and pro-
toplasmic astrocytes. Ninety-five percent of labeled columns, as
defined by the distribution of GFP pyramidal neurons in a
radially oriented structure spanning from the ventricular to the
pial surface, also contained GFP protoplasmic astrocytes. In
addition, almost all of the labeled astrocytes in the neocortexwere
found in or near developmental columns of labeled neurons. The
ratio of GFP astrocytes to GFP neurons in columns was1:
7.4, which is similar to the overall ratio of astrocytes to neurons in
cortex, 1:8.4, and suggests that most cortical astrocytes originate
in developmental columns. After birth, some GFP cells incor-
porated BrdU during the period of gliogenesis in a pattern sug-
gestive of a precursor that underwent an initial division in the
germinal zone and subsequent divisions within more superficial
cortical layers. Most of the resulting columns contained multiple
clusters of several astrocytes. Our results indicate that a signifi-
cant population of cortical astrocytes is generated in a spatially
restricted manner, a process that may contribute to the diversity
and regional specification of astrocytes.
We observed columns of labeled cells in the neocortex that are
similar to those previously described (Luskin et al., 1988; Tan and
Breen, 1993; Mione et al., 1994; Tan et al., 1998; McCarthy et al.,
2001; Reid and Walsh, 2002; Wilkie et al., 2004). However, in
contrast to previous experiments, we found that our columns
consisted of both astrocytes and neurons. We examined the spa-
tial relationship between astrocytes and neurons and found that
98% of astrocytes were in or within 50 m of a column (as de-
fined by the presence of radially oriented clusters of GFP pyra-
midal neurons) and, on average, GFP astrocytes were within 33
m of their nearest GFP neuron. Previous research may have
been unable to detect astrocytes within developmental columns
due to technical limitations and/or the comparatively small num-
ber of mice and columns examined. For instance, the promoters
used in previous efforts may have driven robust gene expression
only in neurons. In addition, older labeling techniques, such as
lacZ labeling, do not fill the cytoplasm entirely, making identifi-
cation of cell types more challenging.
Several pieces of evidence indicate that the colocalization of
labeled neurons and astrocytes in developmental columns accu-
rately represents the physiological pattern of development of
neurons and astrocytes in the cortex. First, GFP neurons and
astrocytes were found together in developmental columns even
when the columns are curved, reducing the likelihood that the
labeled cells are colocalized merely due to chance. Second, re-
gions of the brain in which columnar patterning has not been
described do not show colocalization of GFP neurons and as-
trocytes in discrete patterns. For instance, piriform cortex con-
tained both widely distributed GFP layer 2 interneurons and
GFP astrocytes, without any obvious pattern. Third, a subset of
mice exhibited GFP interneurons but no developmental col-
umns of GFP projection neurons in cortex. In these mice,
GFP interneurons were always found broadly distributed both
in the striatum and throughout neocortex, reproducing previous
findings about neurons derived from the ganglionic eminences
(Parnavelas et al., 1991; Luskin et al., 1993; Tan et al., 1998; Reid
and Walsh, 2002). However, even though these mice exhibited
GFP astrocytes in their striata and GFP interneurons in their
cortices, their cortices did not contain any GFP astrocytes.
These results show that TFC.09mice recapitulate well established
developmental patterns of brain development and indicate that
astrocytes in cortex are generated by spatially restricted progeni-
tors, whose progeny display little tangential dispersion.
Radial glia simultaneously function both as a scaffold sup-
porting the migration of projection neurons, and as progenitor
cells generating new neurons in the neocortex (Noctor et al.,
2001; Tamamaki et al., 2001;Malatesta et al., 2003; Anthony et al.,
2004). Each radial glia generates neurons that migrate along their
radial process into cortex, forming a developmental column of
projection neurons, and previous work indicates that clonally
related pyramidal neurons in the cortex are arranged in develop-
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mental columns (Luskin et al., 1988; Parnavelas et al., 1991; Mi-
one et al., 1994; Tan et al., 1998;McCarthy et al., 2001).We found
that 95% of GFP columns, as defined by the distribution of
radial clusters of GFP pyramidal neurons, also contained
GFP astrocytes. If labeled neuronal columns and astrocytic col-
umns arose completely independently, from separate progeni-
tors, their spatial overlap would be expected to be much lower,
1%, as discussed above. Our data indicate that the appearance
Figure6. Astrocyteprecursorsproliferatewithincortical columns.To identifyproliferatingcells,miceweretreatedwithBrdUandkilled4h later.A–D,AtP0,dividing,BrdU (red),GFP (green)cellswere
most frequently found at the bases of cortical columns, nearest the ventricle. E–G, By P2, themajority of dividingGFP cellswere distributedwithin cortex and fewwere foundnear the bases of columns. To
examinethefateofdividingGFPcells,wetreatedmicewithBrdUatP0andkilledthematP4.GFPcells labeledwithBrdUatP0werefoundthroughthedepthofcortex.H–K,GFP/BRDUcellswerealso
often found in pairs, suggesting that they differentiatednear the site of their final division. These results suggest the followingmodel of cortical astrogenesis (L): Radial glia first generate columns of projection
neurons in cortex. Subsequently, the radial glia generate several astrocytic precursors that distribute radially along the columnof neurons. Theseprecursors undergo their final divisions in thedifferent layers of
the cortex, formingmultiple clusters ofmultiple astrocyteswithin a developmental cortical column. Scale bars:A, E,H, 100m;B–D, F,G, I–K, 10m.
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of labeled neuronal and astrocytic columns are not independent
events. The observed overlap is best explained by a progenitor
that gives rise to both neurons and astrocytes within a develop-
mental column.
The origin of cortical astrocytes is not well understood. It has
been postulated that both radial glia and the subventricular zone
(SVZ) may give rise to astrocytes in the neocortex. Prior in vivo
experiments suggested that radial glia retract their processes and
differentiate into protoplasmic astrocytes after neurogenesis
came to an end. Individual radial glia were thought to transform
into individual astrocytes (Schmechel and Rakic, 1979; Voigt,
1989; Culican et al., 1990). In contrast, in vitro experiments sug-
gested that radial glia can proliferate after neurogenesis and gen-
erate multiple astrocytes (Malatesta et al., 2000). In contrast to
both these findings, experiments tracing the generation of devel-
opmental columns of cortical projection neurons found no asso-
ciated astrocytes (Luskin et al., 1988; Price and Thurlow, 1988;
Parnavelas et al., 1991; Mione et al., 1994; Tan et al., 1998;
McCarthy et al., 2001; Reid andWalsh, 2002;Wilkie et al., 2004).
The apparent inconsistencies in these data concerning the radial
glial contribution to astrocyte development were difficult to
reconcile.
In addition to the reported small number of astrocytes derived
from radial glia, several works suggested that the majority of
astrocytes were derived from SVZ precursors that dispersed
widely to populate cortex. As neurogenesis comes to an end, cells
from the SVZ were thought to proliferate, generating oligoden-
drocyte and astrocyte precursors (Levison et al., 1993; Levison
andGoldman, 1993; Luskin andMcDermott, 1994;Marshall and
Goldman, 2002) that migrated from the SVZ and dispersed
widely through cortex (Zerlin et al., 1995; Kakita and Goldman,
1999; Kakita et al., 2003). These experiments were performed by
injecting retroviruses into the SVZ of early postnatal mice and
assessing the locations and phenotypes of labeled cells. Injecting
viruses into the brain induces injury, which could perturb the
migration patterns and fate of cells labeled. Gliosis is a common
response to injury and could potentially increase the number of
astrocytes labeled in the cortex after a retroviral injection into the
SVZ. In addition, the timing of these injections, after neurogen-
esis has been completed, likely explains why these experiments
labeled glial cells, but no neurons.
Our data indicate that precursors originating in developmen-
tal columns generate the majority of cortical astrocytes. Within a
developmental column, there is 1 GFP astrocyte for every 7.4
GFP pyramidal neurons. In the cortical gray matter overall,
there is 1 astrocyte for every 8.4 neurons. Since pyramidal neu-
rons, which in mice are exclusively generated in developmental
columns, comprise 70% of the neurons in cortex (Wonders
and Anderson, 2005), these data suggest that protoplasmic astro-
cytes associated with columns comprise the majority of proto-
plasmic astrocytes in cortex.
Our experiments indicate a pattern of neocortical gliogenesis
in which proliferation of astrocyte precursors occurs initially at
the base of columns and later occurs within the cortical layers. At
P0, dividingGFP cells are found at the base of columns near the
ventricle. At P2 and P4, dividing GFP cells are found within the
cortical layers. At P2, some columns contained multiple dividing
GFP cells in different layers of cortex. Precursors labeled with
BrdU at P0 frequently formed closely located pairs of astrocytes
within cortex by P4, supporting the hypothesis they underwent
their final division in cortex. Consistent with these findings, col-
umns in adult mice frequently contained multiple clusters each
consisting of multiple astrocytes.
Together our data suggest the following model (Fig. 6L): ra-
dial glia give rise to both projection neurons and protoplasmic
astrocytes in the mammalian neocortex. After generating a col-
umn of neurons, the radial glia generates multiple astrocyte pre-
cursors. These astrocyte precursors distribute through the depth
of cortex, migrating radially within the neuronal column. They
undergo their final divisions in the layers of the cortex, differen-
tiate into protoplasmic astrocytes and form clusters of cells that
respect the boundaries of the neuronal column.
Our findings suggest a developmental process that could con-
fer positional identity upon astrocytes along the axes of the
neocortex. Cortical astrocytes serve essential roles in the develop-
ment of synapses and in modifying neurotransmission (Pfrieger
and Barres, 1997; Allen and Barres, 2005; Volterra andMeldolesi,
2005; Zhang and Haydon, 2005; Stevens, 2008). Thus it has been
hypothesized that cortical astrocytes are likely to be regionally
specified like cortical neurons (Reisin and Colombo, 2002;
Wilhelmsson et al., 2006; Hochstim et al., 2008; Allen and Barres,
2009). Consistent with this hypothesis, it has been shown that
spinal cord astrocytes are regionally specified in the spinal cord
(Muroyama et al., 2005). Establishing whether astrocytes in the
neocortex exhibit region-specific differences and examining the
potential relationship between these astrocytes and their neigh-
boring neurons within columns will be of particular interest in
the future.
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